Introduction 50 51
Intracellular bacteria have evolved distinct strategies to survive and multiply within host cells, 52 the most challenging of which is to evade the antibacterial immune mechanisms of the 53 phagocytic cells. This can be achieved either by preventing the oxidative burst, by 54 manipulating the phago-lysosome fusion, by having sufficient physical stability to withstand 55 the antimicrobial mechanisms within the phagosome, or by escaping from the phagosome (1). 56
Such evasion strategies can be counteracted by the host by induction of cell death, thereby 57 efficiently removing the intracellular pathogen's habitat and exposing it to extracellular 58 antibacterial mechanisms. However, induction of host cell death can also be advantageous for 59 pathogens since it may avoid phagocytosis or allow escape from a habitat depleted of 60 nutrients. Thus, manipulation of host cell death pathways is a critical step in the ever 61 continuing host-parasite battle. Host cell death occurs via several mechanisms, either without 62 inflammation, apoptosis, or with accompanying inflammation, pyroptosis or necrosis, and all 63 of the three pathways have been found to result from various types of infections (2). 64
Francisella tularensis is a Gram-negative, facultative intracellular bacterium, which is able to 65 infect many mammalian species, and the etiological agent of the zoonotic disease tularemia 66 (3). The pathogenicity of the bacterium is not fully understood, but replication in the 67 macrophage appears to play an essential role. It rapidly escapes from the phagosome before 68 fusion with the lysosome occurs, allowing it to multiply within the cytosol (4, 5). The initial 69 encounter with the host cell leads to a rapid proinflammatory response, but this is repressed 70 after internalization of the bacterium (6-8). The infected cells, regardless of whether they are 71 dendritic or macrophages, are unable to secrete cytokines in response to secondary stimuli (9-72 11). Francisella novicida is a closely related species and it has become a prototypic agent for 73 studies of AIM2-mediated inflammasome activation, which leads to pyroptosis, a form of 74 programmed cell death characterized by inflammasome formation resulting in caspase-1-75 dependent secretion of IL-1β and IL-18 (12, 13). Also infection with the LVS strain leads to 76 secretion of IL-1β but it has previously been observed that in addition, the infection leads to 77 several cytopathogenic features characteristic of apoptosis but not pyroptosis, such as release 78 of cytochrome c, caspase-3 activation, and nucleosome formation (12, 14-16). Thus, the 79 cytopathogenic effects do not fully conform to either apoptosis or pyroptosis and it is clear 80 that where it causes activation of caspases and triggering of the intrinsic pathway of apoptosis 199 (32). We measured the amount of mitochondrial superoxide in J774 cells using the indicator 200 dye MitoSOX, which penetrates cell and mitochondrial membranes and, upon contact with 201 mitochondrial superoxide, emits red fluorescence. We observed that the number of 202 superoxide-positive cells was drastically increased upon infection with LVS ( Fig. 1 and S1 ). Previously, we have demonstrated that the LVS infection resulted in no significant change of 221 the potential during the first 12 h, whereas a significant decrease occurred at 18 h and 222 onwards (16). Therefore, the membrane potentials were determined at 24 and 48 h. After this 223 time point, very few of the LVS-infected cells are intact and total cell numbers decrease 224 drastically; therefore, we did not follow the effects beyond 48 h. At both time points, only 225 minimal changes were observed in the ΔiglC-, ΔiglI-, and ΔiglG-infected cells compared to 226 uninfected cells, whereas already at 24 h, 72 % and 56 %, respectively, of the LVS-and 227
ΔpdpC-infected cells demonstrated significant decreases of the potential (Fig. 2 and S2 ). ΔpdpC-infected cells were affected ( Fig. 2 and S2) . Thus, the ΔpdpC infection resulted in 230 marked changes in the mitochondrial potential, albeit with slightly delayed kinetics compared 231 to the LVS infection. In contrast, very little or no changes in the potential were observed in 232 cells infected with ∆iglC, ∆iglG, or ∆iglI. All complemented strains had a phenotype similar 233 to that of LVS. At 24 h, 21 % of the LVS-infected cells were both Annexin-V and PI negative, 15 % were 244
Annexin-V-positive only, and 53 % both Annexin-V-and PI-positive. In contrast, the 245 corresponding percentages for the ΔiglC-infected cells were 78 %, 11 %, and 10 %, clearly 246 distinct to LVS-infected cells but similar to uninfected cells (Fig. 3 ). Cells infected with either 247 the ∆iglG or ∆iglI mutants were similar to uninfected cells, whereas ∆pdpC-infected cells and 248 those infected with the complemented strains had phenotypes more similar to that of LVS. Of 249 the ∆pdpC-infected cells, 36 % were both Annexin-V and PI negative, 31 % were Annexin-V-250 positive only, and 23 % both Annexin-V-and PI-positive (Fig. 3) . 251
The differences became more marked at 48 h, as only 3 % of the LVS-infected cells were 252 negative for both Annexin-V and PI, 29 % positive for Annexin-V, and 67 % positive for both 253 PI and Annexin-V. In contrast, the proportions seen in ΔiglC-infected cells and uninfected 254 cells did not differ much from those seen at 24 h, whereas cells infected with either the ∆iglG 255 or ∆iglI mutants showed intermediate phenotypes. Of the latter, 45 % and 38 %, respectively, 256
were Annexin-V-positive only and 24 % and 15 %, respectively, both Annexin-V-and PI-257 positive (Fig. 3) . The ΔpdpC-infected cells were distinct since a large majority, 88 %, was 258 IL-12p40, IL-6, MCP-1, MIP-1α, MIP-1β, and RANTES (Table) . The secretion patterns from 324
ΔiglG-or ΔiglI-infected cells were intermediate. In contrast, the secretion pattern from 325
ΔpdpC-infected cells was much more similar to LVS-infected cells than ∆iglC-infected cells; 326 all cytokine levels were < 2-fold different compared to LVS. 327
In conclusion, the secreted cytokines indicate that the ΔpdpC mutant-infected cells showed leads to engagement of the intrinsic apoptotic pathway, however, there is no direct evidence 389 for the latter hypothesis. It should be noted that regardless of stimulus, IL-1β secretion from 390 J774 cells is very low (26) indicating that the inflammasome activation may be defective and, 391 therefore, alternative cell death pathways may be more easily discernible in this cell type. An 392 interesting finding on F. novicida was recently published demonstrating that an AIM2/ASC-393 dependent, caspase-3-mediated apoptosis, that also involves caspase-8 and caspase-9, occurs 394 in caspase-1-deficient macrophages (45). If these findings also are relevant for the LVS strain, 395 then they would support the hypothesis that the inflammasome activation triggered by 396
Francisella may lead to several types of terminal events and the ultimate cause of the cell 397 death will depend on both bacterial and host factors. An example of this is our previous 398 demonstration that the F. novicida U112 strain more potently induces release of IL-1β than 399 does LVS (26). Thus, the lower potency of LVS to induce IL-1β may suggest that also other 400 cell death pathways than pyroptosis are important for the cell death occurring during the LVS 401 infection. 402
Besides our findings that the LVS infection resulted in activation of features characteristic of 403
the intrinsic apoptotic pathway, we observed that each of the mutants showed very distinct 404 features in this regard. Although the ∆iglI and ∆iglG mutants replicated and the ∆iglC and 405 ∆pdpC mutants did not, this did not correlate to the resulting cytopathogenic effects. In almost 406 all aspects, infection with the ∆iglC mutant showed very marginal or no cytopathogenic 407 effects and also infection with the ∆iglI mutant resulted in minimal effects. In contrast, the 408 ∆iglG mutant showed an intermediate phenotype and in most assays, it showed minimal 409 effects after 24 h but significant effects after 48 h. The most unexpected effects resulted from 410 infection with the ∆pdpC mutant since, despite its lack of replication and unlike the other 411 mutants, it resulted in marked activation of most mechanisms analyzed, although with delayed 412 kinetics compared to the LVS infection. Specifically, the ∆pdpC mutant markedly triggered 413 mitochondrial damage, caspase-3 activation, PS expression, and DNA fragmentation. In 414 contrast to the LVS infection, infection with the mutant, somewhat unexpectedly, did not lead 415 to caspase-9 cleavage or PI-positive cells. 416
The ΔiglC mutant has served as a prototype for F. tularensis T6SS mutants and it has been 417 found to lack phagosomal escape, intracellular replication, and virulence in the mouse model 418 show that they are distinct from mutants such as ΔiglC and that it is more likely that they 444 affect the cytopathogenic effects by other means than the T6SS core components do. 445
The present investigation reveals that the ΔpdpC mutant of LVS is another example of an FPI 446 mutant with a very distinct and paradoxical phenotype, since it in some aspects mimics that of 447 the LVS strain, for example shows induction of IL-1β and inhibition of LPS-induced TNF-α 448 release, whereas in other aspects it is very distinct since it does not show normal escape into 449 the cytosol, lacks intramacrophage replication, and is highly attenuated in the mouse model 450 (27). Our present findings further corroborate the unusual phenotype of the ΔpdpC mutant 451 since it was found to be distinct to all other investigated mutants and infection led to marked 452 on August 28, 2017 by guest http://iai.asm.org/ Downloaded from mitochondrial damage, caspase-3 cleavage, expression of PS and DNA fragmentation, 453 although with delayed kinetics compared to LVS. Moreover, the secreted cytokine pattern 454 was very similar to that of LVS-infected cells. We have previously proposed that the aberrant 455 behavior of the mutant is due to its partial degradation of the phagosomal membrane since 456 this could lead to release of bacterial components into the cytosol that activate pathways that 457 result in cytopathogenic effects and a cytokine pattern like that induced by LVS (27). This 458 hypothesis assumes that PdpC does not directly modulate the cytopathogenic signaling, but 459 rather is involved in the degradation of the phagosomal membrane. The phenotypic 460 differences between the ΔpdpC mutant and the ΔiglG or ΔiglI mutants, both of which also 461 degrade the phagosomal membrane, may be dependent on specific roles of IglG and IglI to 462 modulate the cytosolic signaling that leads to cytopathogenicity. 463
In contrast to our findings on macrophages, it has recently been demonstrated that the F. 464 tularensis infection leads to delay of the host cell death of neutrophils (47). A fundamental 465 difference between the two cell types is that neutrophils are very short-lived cells that undergo 466 constitutive apoptosis (48). Therefore, it may be that the rapid, spontaneous host cell death 467 may be not be advantageous for an intracellular bacterium since the life span may not be 468 sufficient for significant replication to occur, thus delay of apoptosis is advantageous for the 469 pathogen, whereas this is not a problem in the more long-lived macrophage. In the latter cell 470 type, however, deprivation of nutrients eventually may be an issue and therefore, induction of 471 host cell death may be beneficial since it allows spread of the pathogen to nutrient-replete 472 
